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We created a site-directed UAS-ORF library of 655
growth-regulating genes in Drosophila. This library
represents a large collection of genes regulating
cell cycle, cell size, and proliferation and will be a
valuable resource for studying growth regulation
in vivo. By using misexpression of genes, we prevent
problems arising from genetic redundancy and can
uncover novel gene functions. To validate the useful-
ness of this library, we screened for Wingless (Wg)
pathway components. We used a combination of
experimental and bioinformatic approaches to pre-
dict candidates and identified three serine/threonine
kinases as regulators of Wg signaling. We show that
one of these, Nek2, optimizes pathway response by
direct phosphorylation of Dishevelled. In addition,
we describe functional relations for roughly 5% of
all Drosophila genes and identify a large number of
genes that regulate cell size, proliferation, and final
organ size upon misexpression.INTRODUCTION
Genetic analysis relies on two complementary approaches: loss-
of-function (LOF) and gain-of-function (GOF) studies. In LOF
studies, the role of a gene is inferred from the phenotype that
results from the partial or complete absence of its product.
This is classically done by mutagenesis (St Johnston, 2002) or,
more recently, by gene knockdown using RNA interference
(RNAi) in vivo (Dietzl et al., 2007). However, LOF analysis alone
is often not sufficient to annotate gene function due to a lack
of phenotype (Rørth et al., 1998). GOF studies utilize the
controlled misexpression of a gene to elucidate its function. A
key advantage of this approach is the potential to identify redun-
dant factors, whose functions overlap with those of other geneDeveproducts. Functional redundancy is common in essential pro-
cesses like cell cycle regulation (Buttitta and Edgar, 2007).
Indeed, it has been estimated that up to 75% of Drosophila
genes are phenotypically silent upon LOF because of genetic
redundancy (Miklos and Rubin, 1996). Importantly, GOF
analyses can also provide insight into pathology and evolution.
Oncogenes are hyperactive in many mammalian tumors (Croce,
2008) and can be identified in overexpression studies. Addition-
ally, GOF phenotypes can elucidate how novel gene functions
evolved in different species (Cooke et al., 1997).
In Drosophila, two methods widely used to generate GOF sit-
uations are (1) mobilization and random insertion of P elements
containing upstream activating sequences (UASs) to drive the
expression of nearby genes (Rørth et al., 1998) and (2) P-element
transgenesis with individual open reading frames (ORFs) under
direct control of promoter sequences (Brand and Perrimon,
1993). However, the randomness of P-element insertions
renders systematic overexpression approaches inefficient and
prohibits direct comparisons of the effects caused by different
transgenes. To overcome these limitations, we established a
precisely defined in vivo library of full-length ORFs, which are
integrated at a predetermined genomic position using a specific
‘‘attP’’ landing site. Consequently, we can reliably screen and
compare the effects of expressing different transgenes. We
note that, due to posttranscriptional modifications or differences
in protein half-life, the abundance of the mature protein does
still vary between different transgenic lines. However, for a
large-scale screening approach, it is not possible to screen mul-
tiple different transgenic insertions per gene. Thus, although not
perfect, the site-directed transgenic approach is the only
feasible way.
To validate our library, we screened it for genes acting in
growth-related signaling pathways, focusing on components of
the Wnt/Wg pathway. This pathway regulates a variety of meta-
zoan processes like patterning, growth, tissue homeostasis, and
stem cell maintenance, and misregulation of it is implicated in a
variety of diseases including cancer (Clevers, 2006). Many
components of the Wnt pathway were identified in genetic
screens in Drosophila. However, since the screens focusedlopmental Cell 25, 207–219, April 29, 2013 ª2013 Elsevier Inc. 207
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could play important roles in regulating pathway activity might
have been missed. The transcriptional output of the canonical
pathway, mediated by a protein complex containing b-catenin/
Armadillo (Arm) and the transcription factor TCF/Pangolin
(Pan), is tightly regulated at a number of steps. In particular,
key proteins are subject to numerous phosphorylation events
that control the overall output of the pathway (Verheyen and
Gottardi, 2010). The catalog of the kinases involved in these
processes is likely to be far from complete.
It is becoming increasingly clear that there is significant
crosstalk between distinct signaling pathways and thus a
need to analyze this at a systems level. Our study provides
an example of such an approach. By integrating data from
different large-scale in vivo and cell culture screens, we can
identify components of individual signaling pathways. The dis-
covery of three Wg signaling regulators illustrates how data
collected from unrelated screens can facilitate the prediction
and identification of novel pathway components.
RESULTS
Library Construction
Our ORF library comprises 655 candidate growth regulatory
and cell division genes. These were selected based on their
LOF phenotypes in Drosophila S2 cells (Bjo¨rklund et al., 2006)
or belong to pathways and processes that have previously
been linked to growth and cell division.We used the site-directed
phiC31 integrase system to create transgenic lines for all the
ORFs in our library. All transgenes were inserted into a landing
site at cytological position 86F on the third chromosome (Bischof
et al., 2007). We constructed the library in two versions: (1) a
33HA sequence is directly fused to the ORF. The epitope tag
facilitates the biochemical isolation and visualization of the
proteins. However, since tags can potentially interfere with
protein function, we also constructed (2) an untagged library
where full-length ORFs with their native stop codons were
used. Indeed, in the few cases where we saw functional differ-
ences between corresponding transgenes, the tagmostly seems
to interfere with protein function leading to a false-negative
result. A detailed analysis of the effects of tagging will be
presented elsewhere (Bischof et al., 2013).
We retrieved strains for 578 (88%) untagged and 627 hemag-
glutinin (HA)-tagged ORFs (96%). Together, these strains cover
99% of all genes that were included in the ORF library (the com-
plete list can be found in Table S1, sheet 1, available online). All
clones were sequenced, and the tagged versions were verified
for protein expression in S2 cells.
Using the Library for In Vivo Screens
We misexpressed each transgene in eye and wing primordia by
using eye- (ey-Gal4) or wing-specific (MS1096-Gal4) Gal4-driver
lines. Blind screening was performed for all lines. In cases
where phenotypic differences were documented for untagged
versus 33HA-tagged strains, we recorded the more severe
phenotype and used the respective strain for further screens in
sensitized backgrounds. A total of 183 transgenes induced a
discernible phenotype in the eye (27.9%), while 313 induced
wing phenotypes (47.8%) (Table S1, sheet 1). According to the208 Developmental Cell 25, 207–219, April 29, 2013 ª2013 Elsevier Iphenotypic strength, we assigned a score ranging from 0 (no
phenotype) to 4 (lethality): 1 to 3 denote gradually increased
growth distortions, with 3 indicating the almost complete
absence of the organ. These initial screens were used to assess
the quality of the library in three ways: (1) to test the functionality
of the individual transgenes (at least half of our transgenes are
functional as judged by their ability to induce phenotypic
changes, and the remainder is most probably also functional
yet phenotypically silent); (2) to test for penetrance and expres-
sivity (the observed phenotypes with our UAS-ORF lines were
100% penetrant, and the expressivity between individuals was
highly consistent); and (3) to identify potential dominant-negative
effects. We knocked down the expression of 351 genes repre-
sented in our library using strains from the VDRC RNAi library
(Dietzl et al., 2007). Of these, only 75 (21.4%) lines showed
severe phenotypes (23 caused lethality), while knockdown of
the vast majority of the 351 genes resulted only in mild effects
that occurred with low penetrance or no phenotypes at all.
Twenty-one of the 52 (40.4%) nonlethal genes that caused a
severe growth deficit when knocked down also showed smaller
wings when the corresponding transgenes were overexpressed,
suggesting that these UAS-ORF lines exhibit dominant negative
effects.
In sum, the data suggest that most of our transgenes are
capable of yielding highly reproducible phenotypic readouts.
Thus, our in vivo library provides a high-quality resource for
studying cell cycle and growth regulating genes in Drosophila.
Screens in Genetically Sensitized Backgrounds Provide
a Resource for Further Investigation
To test whether the observed growth phenotypes are dependent
on apoptosis, we reduced cell death in the eye and the wing
by coexpressing the Drosophila inhibitor of apoptosis protein 1
(diap1) (ey-Gal4;EPdiap1 andMS1096-Gal4;EPdiap1). We found
that 40% of all observed growth effects could be blocked in this
way. Importantly, the remaining 60% of the lines produced
growth effects that are most likely not apoptosis-related and
might reflect interactions with growth promoting pathways.
These genes are valuable candidates for further studies on
growth regulation (see Table S1, sheet 2, for a complete list).
We also screened five different genetically sensitized back-
grounds to test whether the growth effects that we observed in
the wild-type tissues can be assigned to a specific pathway:
(1) the Insulin Receptor (InR) (GMR-Gal4>UAS-InR), (2) Jak/
Stat (ey-Gal4;GMR-upd), (3) Myc (GMR-Gal4 UAS-Myc/
SM5;2xUAS-Myc/TM6b), (4) Hedgehog (Hh) (salE-Gal4 UAS-
smo1), and (5) Wg (sev>wg; Brunner et al., 1997) pathway. These
screens provided us with a wealth of information about candi-
date components of the investigated pathways and will be a
valuable resource for future research. All identified candidates
and further details on each screen are presented in Table S1
and Figures S1–S3. A separate clustering for each individual
screen (including all identified candidates together with the
known pathway components) suggests functional relationships
that can be further tested as exemplified below for the Wg
pathway. We also implemented a STRING-based tool, which is
available to the research community (http://clockurl.com/key/
Schertel_et_al_2012a). This allows the reader to use the STRING
database with a query of the reader’s own choice. If the resultingnc.
Figure 1. Analysis of Screening Data
(A) Numbers in brackets indicate the total number
of positive candidates. Connecting lines are color
coded according to degree of overlap. We calcu-
lated the percent overlap between the two
respective candidate lists and normalized the
overlap for the number of genes that are expected
to overlap by chance. Since we did not test all 655
genes in all screens, we restricted the analysis to
those that were tested pairwise in both assays
(between 617 and 648).
(B) Venn diagram of the overlap between the three
most similar screens: Myc, InR, and Wg. A total
number of 635 genes was tested in all three
screens.
(C) Predicted protein-protein interactions of the
47 candidates. STRING (version 9.0) predicted
interactions for 29 candidates. Thickness of
lines represents confidence score (minimum set
to 0.15).
See also Figures S1–S3.
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will highlight this gene and present the screening data connected
to this gene directly to the user. Thus, any gene set of interest can
be easily linked to the genes (and screening data) that were un-
der investigation in our study. We show an example gene
network built from the candidate list of a previous publication
on wing development (Cruz et al., 2009).
To obtain an indication of the extent of potential crosstalk
between the different pathways tested, we performed a pairwise
comparison of the candidates in each screen (Figure 1A). The
least overlap is found between the Hh and Jak/Stat screens
and the Wg and Jak/Stat screens, suggesting that these
pathways share only little mechanistic or functional relationship
(Figure 1A; Table S1, sheet 2). In contrast, the most significant
overlap is observed between the Myc and InR screens (59;
p < 3.5E-35). Interestingly, there is also significant overlap of
these two screens with the Wg screen. We identified 47 genes
yielding phenotypes in all three screens (Figure 1B). Of these,
29 form a network on the protein level when analyzed with the
STRING database, which comprises reported as well as pre-
dicted physical and functional protein interactions inferred fromDevelopmental Cell 25, 207–gene coexpression, text mining, and pub-
licly available databases of experimental
data (Jensen et al., 2009) (Figure 1C).
This high interconnectivity validates the
notion that the three pathways could be
functionally related and that there is
crosstalk between the pathways either
on the level of common components or
targets. Among the 47 common genes,
five (p < 0.0005) are annotated under the
Gene Ontology term ‘‘protein serine/thre-
onine (S/T) phosphatase activity.’’ This
indicates that the three pathways are
regulated by identical factors at the level
of posttranslational modifications, like
phosphorylation, which activate or inacti-
vate different pathway components.Together, the presented resources provide information for a
large number of genes and possible interaction with multiple
signaling pathways. It further presents testable hypotheses for
functional relationships between these genes and specific
signaling pathways that can be used as a starting point for further
investigation to reveal additional pathway components.
Meta-Analysis of the Screening Data
As a next step, we wanted to explore the predictive power of
analyzing the combination of all the screens. We reasoned that
the integration of all data could result in synergistic information
that exceeds the sum of the individual data. To do this, we
used hierarchical clustering and predicted STRING network in-
teractions. We illustrate how such integration of data from
different approaches can be used to identify potentially novel
components in a pathway of interest.
In a first step, hierarchical clustering identifies genes with
similar effects in different screens. Genes that cluster in close
proximity to bona fide components of the pathway of interest
represent good candidates for additional pathway components.
This initial candidate list is then further interrogated by219, April 29, 2013 ª2013 Elsevier Inc. 209
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tions between the candidates and all known pathway compo-
nents. Candidates sharing many predicted interactions with
pathway components are subsequently ranked higher than
genes, whose products lack such interactions. In a third step,
data from a sensitized screen for the pathway of interest can
be used to refine the candidate list. Here, we assign an additional
score to candidates that caused a phenotypic response (sup-
pression or enhancement) in the sev>wg background. We apply
this adjustment after the raw data from the screens were already
used in the initial clustering to prevent a strong bias in the clus-
tering results. Each one of the three approaches alone is not
specific enough to predict novel components with high confi-
dence as evidenced by the typically large number of suppressors
and enhancers identified in the in vivo screens. However, the
combination of all three approaches results in a list that is
enriched for high-confidence candidates. We illustrate the
usefulness of this type of analysis for the Wnt/Wg signaling
pathway, since there is already a large amount of data available
on the components involved, as well as on their functional
relationships. Moreover, our ORF library contains 24 of 49 genes
(49%) that are known to encode regulators of the Wg pathway
(see Table S1, sheet 3, for a complete list).
Candidate Identification by Combining Clustering
and STRING Predictions
We used the data that we collected in our in vivo screens and
added data from S2 cell-culture-based screens performed
with the same gene set (Table S1, sheet 1, and Experimental
Procedures). The Cluster algorithm (Eisen et al., 1998) groups
all genes into functional classes by an unsupervised hierarchical
clustering of the semiquantitative phenotypes scored in the
assays. We clustered all 655 genes and all screening data and
investigated the distribution of bona fide Wg pathway compo-
nents within the entire clustering tree. We found a significant
enrichment in three clusters. Together the three clusters contain
21 out of the 24 bona fide Wg pathway components included
in our library. This enrichment suggests that other genes in these
subclusters might also be involved in Wg signaling.
In particular, one cluster, which comprises only 17 genes
(2.6% of all genes), is highly enriched for Wg signaling compo-
nents (Figure 2C). We next ranked the genes in this cluster
according to predicted interactions of their encoded proteins
with Wg components. We analyzed predicted interactions of
the 49 known Wg signaling pathway components with the 17
genes in the subcluster. Only two proteins showed predicted in-
teractions with Wg signaling pathway components. The protein
Nek2 is connected to multiple Wg pathway proteins. We found
connections to Reptin (Rept), Arm, Dishevelled (Dsh), Axin
(Axn), and Frizzled (Fz) (Figure 2D) that are based on comention-
ing in the literature. Interestingly, arm and dsh were also the two
genes Nek2 clustered most closely with and fz was in the adja-
cent cluster. Only one other protein, Smi35A, showed interac-
tions with the Wg pathway components Shaggy (Sgg) and
CKIa (Figure 2D). Furthermore, expression of both transgenes
enhanced the sev>wg phenotype in the Wg-sensitized screen
(Table S1, sheet 3). Combined with the clustering result and
the predicted interactions this suggests an involvement of
Nek2 and smi35A in Wg signaling.210 Developmental Cell 25, 207–219, April 29, 2013 ª2013 Elsevier IOverexpression of Nek2 and smi35A Enhances Wg
Target Gene Expression
Weexpressed theNek2 and smi35A transgenes in the larval wing
imaginal discs and assayed the expression of Wg target genes.
en-Gal4-driven expression ofNek2 in the posterior compartment
caused an upregulated expression of theWg target genesDistal-
less (Dll) and senseless (sens) (Figures 3C and 3D). In addition,
when Nek2 is expressed in the entire wing disc (MS1096-Gal4),
the adult wings show a severe size reduction. Although mild
Wg pathway activation leads to increased growth, it is well
known that strong overactivation has the opposite effect, prob-
ably due to an increase in cell death (Baena-Lopez et al.,
2009). Importantly, Nek2 causes ectopic formation of sensory
bristles, a hallmark of strong ectopic Wg signaling (Figures 4B
and 4E). Thus, we conclude that Nek2 acts as a potent enhancer
of Wg signaling.
Compartment-specific overexpression of smi35A by en-Gal4
causes enhanced Dll expression compared to control compart-
ments (Figure 3E); expression of sens remained unchanged
(Figure 3F). Since sens expression requires higher Wg signaling
levels thanDll, it seems that smi35Aoverexpression has aweaker
effect on the pathway than Nek2. Adult wings overexpressing
smi35A by MS1096-Gal4 were slightly enlarged (Figure 4C),
consistent with the effects of mild Wg pathway overactivation
(in contrast to strong ectopic activation). Together, the data indi-
cate that smi35Aencodes apositive regulator of theWgpathway.
Screening for Additional S/T Kinases Involved
in Wg Signaling
Since both Nek2 and smi35A possess S/T-kinase domains, we
searched our library for additional S/T kinases and identified
41 genes, including four known Wg components: Sgg, Gish,
CKIa, and CKIIa. Since kinases typically have multiple targets
that might act in different pathways, the kinases are spread out
in the clustering tree. For example, CKI and Sgg are also involved
in Hh signaling (Jia et al., 2002, 2004), which might prevent close
clustering exclusively withWg components. Thus, we refined our
candidate search and included the Wg screen data to get better
candidate predictions. We combined the clustering, protein
interaction, and Wg screen data for all S/T kinases and ranked
them accordingly (see Experimental Procedures for details).
The only candidate gene that scored in all three categories
was the MAPK licorne (lic) (Table S2). In the clustering tree, lic
clusters closely with CKIa and gish (Figures 2A and 2B). Further-
more, it has one predicted interaction with the phosphatase Mts
(Figure 2D).We tested two candidate genes, lic andMekk1, in the
imaginal disc setup. Although it ranked lower in the candidate
list, we chose to test Mekk1 because it also encodes a MAPK
and thus allows us to examine if the MAPK cascade might
have a general effect on Wg signaling.
Expression of lic by en-Gal4 represses both Dll and sens in the
posterior compartment (Figures 3G and 3H). This argues for an
additional negative role in Wg signaling besides a function in
the MAPK pathway. Mekk1 misexpression did not have a
specific effect on Wg target gene expression arguing against a
general effect of the MAPK pathway on Wg signaling. Overex-
pression of lic by MS1096-Gal4 results in smaller wings that
show vein-patterning defects (Figure 4D). In particular, the ante-
rior and posterior cross-veins are mostly absent in these wings.nc.
Figure 2. Clustering Results
(A) Hierarchical clustering of all genes across all
assays. The location of the clusters containing
Nek2, smi35A, and lic are indicated by colored
boxes and enlarged in (B) and (C). The location of
the four bona fideWg pathway kinases is indicated
on the right. The normalized scale bar for the
clustering is indicated at the bottom right. We
scored phenotypic strength in the in vivo assays on
a scale ranging from 1 to 3 (positive and negative
values for enhancers and suppressors). A lethal
phenotype was scored as 4. If the phenotype was
suppressed by EPdiap1 (cell death block), we as-
signed a 1, otherwise, we assigned a 0.
(B and C) Enlarged views of the colored regions
indicated in (A). Confirmed candidates are shaded
in green, and previously known Wg com-
ponents are shaded in yellow. The clustering of the
different assays is displayed on top. The assays
are as follows: a. ey-flp;ey-Gal4;sev>y+>wg. b.
salE-Gal4 UAS-smo. c. GMR-Gal4 UAS-Myc/
SM5;2xUAS-Myc/TM6b. d. GMR-Gal4 UAS-InR.
e. ey-Gal4. f. MS1096-Gal4. g. Wg reporter assay
by RNAi (S2R+ cells). h. E2f reporter induction (S2
cells). i. E2f reporter repressed (S2 cells). j. ey-
Gal4;GMR-upd. k. Over G2 phenotype strength by
RNAi (S2 cells). l. Sub G1 phenotype strength by
RNAi (S2 cells). m.MS1096-Gal with RNAi. n. Jak/
Stat reporter assay (S2 cells). o. SubG2 phenotype
strength by RNAi (S2 cells). p. Cell death block by
EPdiap1. q. G1 phenotype strength by RNAi (S2
cells). r. Cell size in G1 phenotype strength by RNAi
(S2 cells). s. Cell size in G2 phenotype strength by
RNAi (S2 cells) (for details about the cell-based
screens, see Bjo¨rklund et al., 2006).
(D) STRING (version 8.3)-based network of pre-
dicted protein interactions for Nek2, Lic, and
Smi35A with all interacting Wg signaling pathway
components. Thickness of the edges corresponds
to confidence score. The following hyperlink
allows readers to browse the network in STRING:
http://clockurl.com/key/Schertel_et_al_2012a.
See also Figures S1–S3 and Tables S1 and S2.
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(Figure 4G).
Specificity of the Observed Effects
To test whether the observed effects occur downstream of wg,
we examined if overexpression of our candidates altered wg
expression. Importantly, since wg itself is not a target of the
Wg pathway, it also serves as a control for a general effect on
transcription. When we expressed Nek2, smi35A, or lic using
the en-Gal4 driver, we observed no change of wg expression
(Figures 3D0, 3F0, and 3H0). These findings indicate that all three
genes have a specific function in Wg signaling rather than a gen-
eral effect on transcription or a specific effect on wg expression.
Furthermore, we did not detect an effect of Nek2 on the expres-
sion of the Notch target cut arguing for a specific function in the
Wg pathway (data not shown).
Since the identified genes encode kinases, we wanted to test
whether the kinase activity is required for the observed pheno-Devetypes. We created transgenic lines that express amutant version
of each gene in which the kinase domain is rendered nonfunc-
tional bymutation of a conserved lysine in the VAIKmotif present
in the kinase domain (Varjosalo et al., 2008). Nek2 overexpres-
sion induced ectopic sensory bristles (Figure 4E). However, the
kinase-dead Nek2K48M version was not able to induce such an
effect (Figure 4H). Similar results were observed for wild-type
smi35A and smi35AK227M and for wild-type lic and licK75M
(Figures 4F–4J). Given that wild-type and mutant constructs
are expressed at comparable levels (Figure 4K), these findings
indicate that indeed the enzymatic activity of the S/T kinases is
responsible for the observed effects on Wg signaling.
No Effect of Nek2, smi35A, or lic Knockdown
on Wg Target Expression
Since our overexpression analysis indicated that all three genes
can alter the Wg pathway output, we wanted to determine if they
are also necessary for normal development. To this end, welopmental Cell 25, 207–219, April 29, 2013 ª2013 Elsevier Inc. 211
Figure 3. Nek2, smi35A, and lic Act Specif-
ically on Wg Targets
(A) en-Gal4 control: a-Dll staining.
(B) en-Gal4 control: a-Sens.
(B’) en-Gal4 control: a-Wg; same disc as in B.
(C) en-Gal4, tubGal80ts UAS-Nek2HA; a-Dll.
(D) en-Gal4, tubGal80ts UAS-Nek2HA; a-Sens.
(D’) en-Gal4, tubGal80ts UAS-Nek2HA; a-Wg.
(E) en-Gal4 UAS-smi35A; a-Dll.
(F) en-Gal4 UAS-smi35A; a-Sens.
(F’) en-Gal4 UAS-smi35A; a-Wg.
(G) en-Gal4, tubGal80ts UAS-lic; a-Dll.
(H) en-Gal4, tubGal80ts UAS-lic; a-Sens.
(H’) en-Gal4, tubGal80ts UAS-lic; a-Wg.
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tion was reduced by RNAi. Two independent RNAi lines were
tested for each gene. In all cases, the RNAi transgene did not
detectably alter Wg target gene expression in wing discs. Impor-
tantly, all RNAi lines were able to induce other phenotypes, indi-
cating that they are functional. This suggests that Nek2, smi35A,
and lic have roles redundant with those of other players in theWg
pathway, providing both an explanation why these genes have
not been identified previously and a validation of our strategy
to identify redundant factors by overexpression.
Nek2 Interacts with and Phosphorylates Dsh
Ectopic sens expression in the wing disc induced by Nek2 over-
expression was largely reduced by coexpression of dominant-
negative lgs (lgs17E), suggesting that Nek2 modulates sens
expression through the canonical Wg pathway (Figures 5A and
5B). To explore the mechanism through which Nek2 regulates212 Developmental Cell 25, 207–219, April 29, 2013 ª2013 Elsevier Inc.Wg signaling, we used Nek2 as bait and
analyzed by mass spectrometry the pro-
teins with which it coimmunoprecipi-
tated. We found that Dsh, an essential
regulator of Wg signaling (Yanagawa
et al., 1995; Bilic et al., 2007), copurified
with Nek2. Ectopic sens expression by
Nek2 was eliminated by dsh knockdown
(Figure 5C), supporting the notion that
Nek2 functions on or upstream of dsh in
Wg signaling. To confirm this interaction
on the molecular level, we performed
coimmunoprecipitation (coIP) experi-
ments and found that the central frag-
ment of Dsh harboring a PDZ domain
(Dsh166–382) specifically interacted with
Nek2 (Figure 5D).
Coexpression of dsh with Nek2 in
Drosophila Kc cells causes multiple
mobility-shifted forms of Dsh on a west-
ern blot, which can be eliminated by treat-
ing the cell lysate with phosphatase,
implying that Nek2 phosphorylates Dsh
(Figure 5E). These mobility-shifted spe-
cies are absent when Nek2 is coex-
pressed with an N-terminal (1–220), a
central (166–382) or a C-terminal (382–623) fragment of Dsh (Figure S4A). However, we could easily
detect phosphorylation of Dsh when either Dsh1–340 (containing
the N terminus and the central domains) or Dsh166–623 (contain-
ing the central and the C-terminal domains) was coexpressed
with wild-type Nek2, but not with the kinase-dead Nek2K48M
(Nek2 KD) (Figures 5F and S4B). This suggests that the
phosophorylation sites are located in a different domain than
the interacting domain. In addition, Nek2 phosphorylates
bacterially purified Dsh1–340 and Dsh166–623 in an in vitro kinase
assay, suggesting that these domains are direct targets of
Nek2 (Figure 5G).
Since Nek2 might phosphorylate Dsh at both the N and the
C termini, we analyzed these two regions separately. Dsh1–340
contains a DIX domain and a PDZ domain; both are involved in
transducing the canonical Wg signal (Yanagawa et al., 1995;
Schwarz-Romond et al., 2007). We thus examined whether
Nek2 affected the activity of Dsh1–340 in mediating Wg signaling.
Figure 4. Adult Wing Phenotypes of Nek2,
smi35A, and lic
(A–G) Male wings using the MS1096-Gal4 driver
line at 25C to induce expression. (A) shows
MS1096-Gal4 control. (B) shows MS1096-Gal4
UAS-Nek2; severe growth and patterning defects.
Arrowheads point toward ectopic sensory bristles.
Insert, magnification of the dashed area. (C) shows
MS1096-Gal4 UAS-smi35A. (D) shows MS1096-
Gal4 UAS-lic.
(E) shows salE-Gal4 UAS-Nek2HA, (F) shows
MS1096-Gal4 UAS-smi35A, and (G) shows
hh-Gal4 UAS-lic; flies were raised at 29C.
(H–J) Expression of kinase-dead (KD) versions
using the same drivers and conditions as in (E), (F),
and (G), respectively.
(K) Expression of wild-type and mutant forms of
UAS-Nek2, UAS-licHA, and UAS-smi35A in Kc
cells. Antibodies against Nek2, Smi35A, and HA
(for Lic-HA) were used to monitor expression
levels.
Developmental Cell
A UAS-ORF Library Reveals Wg ComponentsA luciferase reporter, which contains an endogenous enhancer
from the Wg target gene wingful (wf), responds to Wg signaling
inDrosophilaKc cells (Song et al., 2010). Compared to full-length
Dsh, Dsh1–340 does not efficiently activate the wf reporter (Fig-
ure S5A). Coexpression of dsh1–340 with Nek2, but not with
Nek2 KD, synergistically induced the expression of the wf re-
porter, suggesting that Nek2 enhances the activity of Dsh1–340
(Figure 6A). We then investigated which domains in Dsh1–340
are required for the activation by Nek2 and expressed a series
of truncated Dsh constructs (Figure S5B). We found that the
regulation of Dsh by Nek2 requires neither a basic motif nor a
proline-rich motif flanking the PDZ domain (Penton et al.,
2002). However, it does require both the DIX and the PDZDevelopmental Cell 25, 207–2domains. A Dsh construct containing
only the DIX and the PDZ domains can
be phosphorylated by Nek2 and medi-
ates Wg signaling (Figures 6A and 6B).
Activation of Wg signaling leads to
hyperphosphorylation of Dsh at its C ter-
minus and produces a mobility shift on
western blots similar to that caused by
coexpression of Nek2 with Dsh or
Dsh166–623 (Figures 5E and 5F) (Yanfeng
et al., 2011). By mass spectrometry anal-
ysis, we found that Dsh166–623 is also
phosphorylated at the C terminus when
coexpressed with Nek2 in Kc cells. There
are six serine residues between amino
acids 551 and 557 of Dsh, and four of
them can be phosphorylated. Deletion
of the C terminus eliminates these
phosphorylations, but the DEP domain
is dispensable for these modifications
(Figure 6C). In addition, a Dsh mutant in
which the six serines between residues
551 and 557 are replaced by alanines
(Dsh6SA) shows largely reduced mobilityshift on western blots when coexpressed with Nek2
(Figure S5C).
Hyperphosphorylation of Dsh promotes its degradation and
attenuates Wnt signaling (Wei et al., 2012). To examine whether
the identified C-terminal phosphorylation of Dsh affects its
stability, we compared the turnover rate of wild-type Dsh
and of Dsh6SA. Indeed, Dsh6SA is more stable and activates
the wf reporter better than wild-type Dsh (Figures 6D and
S5D), suggesting that phosphorylation at these residues reduces
protein stability but not signaling activity. However, the
N-terminal phosphorylations appear to be dominant based on
the observed Nek2 function in activating the Wg pathway. In
Kc cells, Nek2 has a dynamic effect on wild-type Dsh. While it19, April 29, 2013 ª2013 Elsevier Inc. 213
Figure 5. Nek2 Regulates Wg Signaling via Dsh
(A) Nek2 overexpression by salE-Gal4 results in ectopic sens expression in the
wing disc.
(B) Coexpression of dominant negative lgs17E largely reduced ectopic sens
expression by Nek2.
(C) Dsh RNAi eliminates ectopic sens expression by Nek2.
(D) Dsh166–382 coimmunoprecitates with Nek2.
(E) Coexpression with Nek2 results in mobility shifts of Dsh in western blot,
which is eliminated by CIP treatment.
(F) Nek2mediates phosphorylation of two truncated Dsh proteins Dsh1–340 and
Dsh166–623.
(G) Nek2 immunopurified from transfected Kc cells can directly phosphorylate
Dsh1–340 or Dsh166–623 (expressed and purified from bacteria) in the in vitro
kinase assay.
See also Figure S4.
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214 Developmental Cell 25, 207–219, April 29, 2013 ª2013 Elsevier Istimulates the activity of Dsh, Nek2 reduces the protein levels
of Dsh when signaling reaches a high level, which may serve
as a feedback loop to shape the outputs of Wg signaling
(Figure S5E).
Nek2 Is Required to Optimize Wg Signaling Output
and Cooperates with CKIε
Although transgenic Nek2 RNAi does not detectably affect
Drosophila wing development (Figure S6H), we tested whether
Nek2 is required to promote Wg signal transduction
in situations where pathway activity is altered. Ectopic expres-
sion of wg or dsh causes a Wg-specific small eye phenotype.
Nek2 RNAi could partially rescue these phenotypes (Figures
S6A–S6F). Similarly, dshmisexpression causes ectopic sensory
bristles on the wing blade (Figure S6I), and these bristles disap-
pear in the presence of Nek2 RNAi (Figure S6J), indicating the
involvement of endogenous Nek2 in modulating Wg signaling
output.
Mammalian CKIε (encoded by dco) phosphorylates Dsh at
two different regions, through which it controls both activation
and termination of Wnt-induced signaling (Bernatik et al.,
2011). Since Nek2 regulates Dsh by a similar mechanism, we
examined the possibility of whether Drosophila CKIε and Nek2
function redundantly. CKIε, like Nek2, enhances the activity of
truncated Dsh in Kc cells. However, we found that the PDZ
domain of Dsh was dispensable, while either the basic motif
or the proline-rich motif is required for this activation (Fig-
ure S6K). Thus, Nek2 and CKIε target different domains or mo-
tifs to execute their activating effect on Dsh. When coexpressed
in Kc cells, Nek2 and CKIε had an additive effect in activating
Wg signaling, both at the basal level and in the presence of
Wg ligand (Figures 7A and 7B). Thus, Nek2 and CKIε appear
to phosphorylate Dsh at different regions, and, in both cases,
the modifications can stimulate Dsh activity. Simultaneous
knockdown of Nek2 and CKIε by RNAi in Kc cells showed a
stronger reduction of Wg signaling than the knockdown of the
individual mRNAs (Figures 7C and 7D). Significantly, all the ef-
fects of these constructs on the wf reporter were Arm depen-
dent (Figures S6L and S6M). In the Drosophila wing, a combina-
tion of Nek2 RNAi with a heterozygous CKIε mutant (dcoj3B9/+)
results in loss of sensory bristles along the wing margin, a typical
loss-of-Wg-signaling phenotype (Figures 7E–7H). Together,
these results suggest that Nek2 can cooperate with CKIε to
regulate Dsh and thus Wg signaling.
DISCUSSION
Dominant-Negative Effects and Redundancy
One potential problem of overexpression approaches is the
occurrence of dominant-negative effects. Our comparison of
the phenotypes induced by RNAi to those of the overexpression
lines, suggests a dominant-negative rate of about 40%. A reason
for this high number may stem from the fact that many of the
genes in our library encode proteins that are part of large multi-
meric complexes, and overexpression of single components
might interfere with the stoichiometry of these complexes. How-
ever, the observation that 94 of 371 tested genes caused a
strong phenotype when overexpressed, but not when knocked
down, highlights the potential of the library for the identificationnc.
Figure 6. Phosphorylation by Nek2 Has
Different Effects on Dsh
(A) The effects of Nek2 on the activities of various
truncated Dsh constructs were measured with the
wf luciferase reporter. Both the DIX domain and
the PDZ domain are required for Nek2-mediated
stimulation of Dsh activity. Error bars represent SD
of samples (n = 3).
(B) Nek2 phosphorylates Dsh(1–92) + (248–340), which
is comprised of the DIX domain and the PDZ
domain.
(C) Nek2 phosphorylates Dsh at its C terminus.
Phosphorylated residues identified in the MS
analysis are labeled in red. The DEP domain is not
required for these modifications.
(D) The protein stability of transfected wild-type
Dsh and Dsh6SA in Kc cells was measured by
western blotting after cycloheximide (10 mg/ml)
treatment.
See also Figure S5.
Developmental Cell
A UAS-ORF Library Reveals Wg Componentsof genes that have escaped RNAi or other LOF screens. The as-
sociation of homologs of some of these genes with human dis-
eases makes them interesting for further testing.
Pathway Crosstalk
When we compared the candidates that were identified by the
different phenotypic screens, we noticed considerable overlap.
The most significant was found between the screens in theMyc
and InR sensitized backgrounds. This observation is not sur-
prising, since both screens are expected to recover growth-Developmental Cell 25, 207–2regulating genes. Both pathways affect
metabolism and, in particular, transla-
tional mechanisms and are thus likely to
involve similar sets of genes. However,
the sensitized Wg screen also showed
significant overlap with these two
screens. The Wg screen is functionally
different, since it is designed to identify
genes that can suppress phenotypes
caused by an overactive pathway.
Thus, the biological function of the com-
mon set of candidates identified in all
three screens may be more complex
than growth regulation through interfer-
ence with Myc, insulin, or Wg signaling
alone. The high number of interactions
among the products of these genes as
revealed via STRING analyses under-
scores the likelihood of a functional rela-
tionship between the candidate genes
and all three pathways. It needs to be
investigated whether this crosstalk
occurs at the level of shared pathway
components or downstream targets.
Interestingly, we find an enrichment of
S/T phosphatases within the set of com-
mon genes. This indicates that these
proteins might be used to fine-tune thedifferent pathways in response to different upstream stimuli.
Recent evidence for crosstalk between Wnt signaling and
insulin signaling suggests that the signaling protein Insulin
Receptor Substrate-1 (IRS-1) is a transcriptional target of Wnt
signals (Yoon et al., 2010). Also Myc genes have been
described as direct targets of the Wnt pathway (He et al.,
1998; Kuwahara et al., 2010). Furthermore, small molecule in-
hibitors of PI3K/Akt, an insulin-signaling component, reduced
b-catenin-mediated Myc expression caused by inhibition of
GSK-3b (Baryawno et al., 2010).19, April 29, 2013 ª2013 Elsevier Inc. 215
Figure 7. Nek2 and CKIε Have Redundant
Roles in Wg Signaling
(A–D) The wf luciferase reporter was used as
readout for Wg signaling in Kc cells. At both the
basal levels (A) and Wg-activated levels (B),
overexpression of either Nek2 or CKIε could acti-
vate the wf luciferase, and coexpression of Nek2
and CKIε could further activate it. In (C), at the
basal level, knockdown of either Nek2 or CKIε had
very mild effect on Wg signaling, while double
knockdown of Nek2 and CKIε led to significant
reduction of Wg signaling. As shown in (D), in the
presence of Wg, either Nek2 RNAi or CKIε RNAi
could suppress Wg signaling levels, while double
knockdown of Nek2 and CKIε led to further
reduction of Wg signaling. Error bars represent SD
of samples (n = 3).
(E–H) Knockdown ofNek2 by RNAi andCKIεwith a
heterozygous mutant (dcoj3B9/+) cause a syner-
gistic effect on the wing morphology and show a
typical loss-of-Wg-signaling phenotype. Wings
from sd-Gal4/Y; UAS-GFP/+ control animals in (E),
sd-Gal4/Y; +; dcoj3B9/+ animals in (F) (100%
penetrant, n = 44), sd-Gal4/Y; +; UAS-Nek2 IR/+ in
(G) (100% penetrant, n = 40), and sd-Gal4/Y; +;
dcoj3B9/Nek2 IR animals in (H) (87.5% penetrant,
n = 32).
See also Figure S6.
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In vivo screening of the library resulted in lists of candidate genes
that showed an effect in different genetic setups. We expanded
the data analysis in a way that allowed specific predictions of
gene function. With a focus on theWg pathway, we aimed to un-
cover additional signaling components from our in vivo library.
By combining hierarchical clustering with predicted STRING
protein-interaction data and a genetic screen in a sensitized
background, we identified three pathway modifiers.
None of the three kinases caused a phenotype when inacti-
vated by RNAi in vivo, indicating that we would not have iden-
tified these genes in an in vivo RNAi screen, lending support to
our misexpression strategy. Thus, none of the three genes216 Developmental Cell 25, 207–219, April 29, 2013 ª2013 Elsevier Inc.appears to be strictly required for Wg
signaling in vivo, but each one is suffi-
cient to induce Wg-dependent pheno-
types. Our results indicate that Nek2 is
a very potent activator, since Wg target
genes are strongly upregulated in the
wing disc upon Nek2 overexpression.
Misexpression of smi35A had a weaker
effect and activated the Wg target Dll
but did not induce sens. In contrast,
overexpressed lic repressed Dll and
sens expression in the wing disc, indi-
cating a negative role for lic. Importantly,
overexpression of the second MAPK
tested, Mekk1, did not affect Wg targets
in the wing disc. This indicates that we
are not observing a general effect of
MAPK signaling, but rather a specificactivity of Lic in the Wg pathway in addition to its MAPK
function.
Targets for the Identified Kinases in Wg Signaling
All three genes that we identified as potential regulators of the
Wg pathway encode S/T kinases, and in each case, a functional
kinase domain is required for the observed effects onWg output.
This suggests that the role of Nek2, Smi35A, and Lic is to phos-
phorylate protein targets within the Wg transduction cascade to
enhance or suppress their activity.
Here, we focused on Nek2 and found that it phosphorylates
Dsh and plays a dual role in regulating Dsh function. While phos-
phorylation of the N terminus enhances Dsh-mediatedWg signal
Developmental Cell
A UAS-ORF Library Reveals Wg Componentstransduction, phosphorylation of the C terminus regulates the
half-life of Dsh. The latter function could serve to prevent consti-
tutive activation of the Wg pathway. We further show that Nek2
can cooperate with CKIε to regulate Dsh and Wg signaling.
Nek2 clustered tightly with arm and dsh, indicating a close func-
tional relationship, which we could confirm for dsh. Interestingly,
Nek2 was also found to interact with b-catenin during chromo-
some separation (Bahmanyar et al., 2008), suggesting that it
might also phosphorylate Arm. However, we have not yet
observed such an interaction.
CKI and GSK3 phosphorylate NFAT is in human cells (Gwack
et al., 2006), and this phosphorylation is primed by the Smi35A
homolog DYRK2. Since Smi35A localizes to the cytoplasm, it
is unlikely to act in the nuclear branch of the pathway (Lochhead
et al., 2003). smi35A clusters strongly with fz and fz2, leading us
to speculate that Smi35A might prime one or both receptors for
further phosphorylation by other kinases. lic clusters strongly
with two other S/T kinase genes, CKIa and sgg, both encoding
bona fide negative regulators of Wg signaling. Since lic also
acts negatively on the pathway, we speculate that Lic might
act redundantly with one or both of these kinases.
The kinases themselves could be subject to regulation at the
protein level. Indeed, Lic can be phosphorylated in S2 cells by
an unknown kinase, while Nek2 and Smi35A are subject to auto-
phosphorylation (Lochhead et al., 2003). In human cells,
DYRK1B, a kinase closely related to the human ortholog of
Smi35A, is phosphorylated by MKK3, the human ortholog of
Lic (Lim et al., 2002). The targets and precise sequence of phos-
phorylation and dephosphorylation events in the Wg pathway
represent challenges for future studies. The conserved nature
of the genes and the fact that all three human homologs are
implicated in cancer (Miller et al., 2003; Hayward and Fry,
2006; Demuth et al., 2007) suggests that all three kinases,
Nek2, Lic/MEK3, and Smi35A/DYRK2, could be important
growth regulators that act through regulation of Wg signaling.
As such, theymay be overactivated in human cancers and cause




Flies were raised at 25C under standard conditions unless stated otherwise.
All transgenes were integrated into y,w,M{eGFP.vas-int.Dm}ZH-2A;+; M
{RFP.attP}ZH-86Fb and are available upon request. Further strains that were
used in this study are as follows: ey-Gal4, MS1096-Gal4, ey-Gal4;EPdiap1,
MS1096-Gal4;EPdiap1, yw;GMR-Gal4 UAS-InR/CyO, yw;ey-Gal4;GMR-upd/
TM3, yw;GMR-Gal4 UAS-Myc/SM5;2xUAS-Myc/TM6b, salE-Gal4 UAS-smo1/
CyO, en-Gal4/CyO, en-Gal4 tubGal80ts, salE-Gal4, yw hsp-flp;sp/CyO;hh-
Gal4/TM6b, ey-flp;eyGal4;sev>y+>wg, sev>wg/TM3, UAS-GFP, GMR-Gal4/
CyO, sd-Gal4, dcoj3B9/TM6b, GMR-Gal4 UAS-dsh/TM6b (gift from Lei Xue),
and salE-Gal4 UAS-dsh/TM6b. The kinase-dead versions of Nek2K48M,
smi35AK227M, and licK75M were generated as described in Varjosalo et al.,
2008.
Clone Quality
All clones were sequenced, and tagged versions were verified for protein
expression. Details will be presented elsewhere (M.B., unpublished data).
Quantification of Screens
According to the phenotypic strength we assigned values from 1 (mild effect)
to 4 (lethality) to the observed effects. In screens where we scored enhance-Devement and suppression of the tester phenotype we assigned negative and
positive values, respectively, according to phenotypic strength. A complete
overview can be found in Table S1, sheet 3. For the screening in apoptosis-
deficient backgrounds, we created a category that combines the data of
both wing and eye. If the observed size reduction of the adult organ was at
least partially blocked by dIAP1 in either background, we assigned a score
of 1; if it was not blocked, we assigned a 0.
Wg and E2F Luciferase Reporter Assays
The 103STAT, dTF12 luciferase, Act5C-Renilla, and PolIII-Renilla luciferase
reporters have been previously described. The 63E2F reporter was con-
structed by cloning the E2F response element 50-TCAAATTTCGCGCC
TATG-30 in six tandem repeats in the dTF12 luciferase vector in place of
the 123TCF sites. S2 (for E2f and JakSTAT) and S2R+ (for Wg screen)
cells were seeded in white 96-well plates and transfected with 150 ng
DNA with 0.45 ml FugeneHD. The DNA mixture contained 2 ng luciferase
reporter plasmid, 15 ng Act5C-Renilla plasmid, 50 ng ORF with C-terminal
AGT-23proteinG tag under the control of opIE2 promoter and 83 ng control
plasmid. After 2 days, the luciferase activities were measured using the
DualGLO luciferase kit (Promega). The luciferase reporter activities were first
normalized to the Renilla control values and then normalized to the plate me-
dian values. All assays were performed in triplicates.
Bioinformatic Tools
For hierarchical clustering, the screen data were mean-centered and the
phenotypes normalized to the same range. The clustering (complete linkage)
was performed using uncentered correlation distance metrics with the
program Cluster (version 3.0). The Java TreeView (version 1.1.3) software
tool was used for data visualization.
Protein interaction predictions were performed with the STRING database,
version 8.3 (http://string.embl.de/).
Candidate Gene Scoring System
For the S/T kinase ranking, the hierarchical clustering neighborhood was used
to assign a weighted score for each kinase with respect to bona fide pathway
components. The two S/T kinases CKIa or gish are part of a cluster that con-
tains only 33 genes. We assigned a value of 4 to this cluster since it contains
two of only four Wg pathway kinases in our library. Genes in clusters I, II,
and III were assigned a score of 2 due to strong enrichment of Wg components
(cluster II: pont, arm, dsh, fz, and fz2; five of 17 genes in the cluster, p < 0.004,
Fisher exact test) or because they contained at least one bona fide S/T-kinase
that is implicated in Wg signaling combined with a lower enrichment of Wg
components (cluster I: CKIIa, pan, Apc2, wg, wnt2, fz3, sgl, Flo; eight of 78
genes in the cluster, p < 0.04) (cluster III: sgg, fz4, rept, drl, wnt4, CtBP,
wntD,mts; eight of 105 genes in the cluster, p < 0.06). STRING database inter-
actions were scored according to the number of predicted interactions (one
to three interactions = 1, four to six = 2, more than six = 3). We set a low
confidence threshold (0.15) to keep the false-negative rate low. We further
assigned a score for observed enhancer effects of the sev>wg phenotype of
1. For suppressors, we assigned a higher score (2), since suppression repre-
sents a more specific effect.
Immunohistochemistry
The following antibodies were used: mouse anti-Dll (1:500, gift from Ian
Duncan), mouse anti-Wg (4D4, 1:500, Hybridoma Bank), guinea pig anti-
Sens (1:800, gift from Hugo Bellen), and Alexa Fluor-conjugated secondary
antibodies (Molecular Probes).
Transfection, CoIP, Dephosphorylation Assay, and Dual-Luciferase
Assay
Cell transfection was performed with Lipofectamine 2000 (Invitrogen) or
Effectene (QIAGEN) following the manufacturer’s instructions. For coIP, trans-
fected Kc cells were lysed in the lysis buffer (20 mM Na2HPO4/NaH2PO4, pH
7.4, 150 mM NaCl, 2 mM EDTA, 0.5 mM dithiothreitol [DTT], 0.5 mM
Na3VO4, 0.5% Triton X-100, 1 protease inhibitor cocktail, and 1 phosphatase
inhibitor cocktail; Sigma). Supernatant from cell lysate was incubated with
monoclonal anti-HA agarose conjugate (Sigma) at 4C for 4 hr. After extensive
wash with the lysis buffer, the samples were eluted with SDS loading bufferlopmental Cell 25, 207–219, April 29, 2013 ª2013 Elsevier Inc. 217
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A UAS-ORF Library Reveals Wg Componentsfollowed by western blotting. For mass spectrometry analysis, the samples
were further washed twice with the lysis buffer, excluding detergent and pro-
tease inhibitors, and eluted with 5% formic acid. For the dephosphorylation
assay, transfected cells were lysed in a Tris buffer (50 mM Tris-HCl, pH 8.0,
150 mM NaCl, 2 mM EDTA, 0.5 mM DTT, 0.5% Triton X-100, and 1 protease
inhibitor cocktail). Supernatant from cell lysate was incubated with or without
alkaline phosphatase (CIP) (New England Biolabs) at 37C for 40 min and
analyzed by western blotting. For measurement of the relative luciferase activ-
ity, the Dual-Luciferase Reporter Assay kit (Promega) was used.
In Vitro Kinase Assay
Dsh1–340 and Dsh166–623 were expressed as glutathione S-transferase (GST)
fusions from bacterial lysate and were cleaved from GST after purification.
Briefly, glutathione beads were incubated with bacterial lysate, washed three
timeswith HENG buffer (20mMHEPES, pH 7.6, 2mMEDTA, 0.2%NP40, 10%
glycerol, 0.4 mM DTT) containing 1 M NaCl, and washed three times with
HENG buffer containing 0.1 M NaCl. Bound proteins were eluted with elution
buffer (50 mM Tris-HCl, pH 8.0, 100 mM NaCl, 0.2% NP40, 10% glycerol,
0.4 mM DTT, and 20 mM glutathione), dialysed, and cleaved by protease
3C, and GST was removed by incubation with glutathione beads. Nek2-HA
transfected Kc cells were lysed by RIPA buffer. Nek2-HA was immunoprecip-
itated by anti-HA agarose (Sigma) and washed six times with RIPA buffer and
two times with kinase assay buffer (20 mM HEPES, pH 7.6, 50 mM NaCl,
10 mM MgCl2, 10 mM MnCl2, 0.1% NP40, 30 mM cold ATP). For the kinase
assay, 15 ml beads were incubated with Dsh substrate and 10 mCi [g-32P]
ATP (Perkin Elmer) in the kinase assay buffer and shaken at 30C for 2 hr.
The proteins were denatured in SDS loading buffer and separated by SDS-
PAGE followed by autoradiography or western blotting.SUPPLEMENTAL INFORMATION
Supplemental Information includes six figures, two tables, and Supplemental
Experimental Procedures and can be found with this article online at http://
dx.doi.org/10.1016/j.devcel.2013.02.019.
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